Abstract. We are studying the practicality of news dissemination over a Delay Tolerant Network (DTN) in an urban area. The target application is the distribution of the electronic version of a newspaper in a large city. Therefore, although strict time constraints do not apply, spreading the information should be achieved within a reasonable delay. We consider that mobile users subscribe to their content of interest and expect to receive it within their journey from their home to their office. We provide two contributions. Firstly, we consider a simple DTN environment when content is distributed solely through inter-contact of mobile nodes. We derive analytical expressions for the packet delay in such environments and suggest how to improve effectively the expected message delay in the case of an area with low or high density of mobile nodes. Secondly, if the delay is found to be excessive, we suggest the deployment of some data kiosks in the environment to better support the dissemination of content. Data kiosks are simple devices that receive content directly from the source, usually using wired or cellular networks. We investigate both an upper bound and a lower bound of the number of data kiosks to distribute the content over a geographical area within an expected delay objective. We also show the important property that those bounds scale linearly with the contact rates between a mobile node and a data kiosk. The analytical results are validated through simulation using a number of mobility models.
Introduction
Free daily newspapers have been introduced in many countries worldwide for over 10 years now. Their distribution channel uses point of presence (Kiosk) often located at the entrance to the main transportation systems, such as metro or suburban train stations. They also have a presence on the web and exploit user's contributions and social networks. In addition, the widespread deployment of handheld devices provides the opportunity to use them for content distribution instead of being charged for cellular access. In the context of our research, we consider that mobile users will agree to contribute to such an application only for content of their own interest. Information conveyed by free daily newspapers does not need to be instantaneous. However, owners of these newspapers expect that the information will reach the reader within a time window related to the period he/she will spend commuting from their home to their place of work as this is the best time to capture their attention. The contribution of our paper is not restricted to the distribution of news as many other applications will exhibit similar expectations, but it provides a practical use case.
In this paper, we investigate the practicality of news dissemination over a DTN in an urban area. In DTNs, nodes can move freely and exchange content when they are within each other's transmission range. Since an end-to-end path is not available most of the time, a store-carry-forward paradigm is usually used to enable communication. Several questions arose in the above setting in order to design a system that achieved the required service while avoiding deploying too many digital data kiosks. A first step would be to develop a quantitative analysis to investigate the message delay of DTNs. What are the most sensitive parameters: readers' interest in content or contact opportunities? How effective can a DTN be without infrastructure? If the delay is found to be excessive, we suggest deploying some data kiosks in the environment to better support the dissemination of content. Data kiosks are simple devices that receive the content directly from the source, generally using wired or cellular networks. The question is how many data kiosks one has to invest in to satisfy performance constraints and where these data kiosks should be located. We are mostly interested in two performance metrics, the spreading time and the message delay. The message delay is the time needed to transmit content from a mobile node to another node, while the spreading time is the delay required to deliver the content to the last node in a group of nodes, or the time needed for the content to spread over a part of the network. The main question addressed in this paper is to determine the number of data kiosks necessary to disseminate content to a set of mobile nodes, when taking into account the spreading time in a given area and mobility pattern.
Our contribution is to provide explicit solutions to answer the above questions. To the best of our knowledge, our work is the first to obtain explicit expressions for the evaluation of the number of data kiosks needed to reduce the expected spreading time to a target requirement in opportunistic networks. We first investigate both a closed-form formulae and an asymptotic expression of the expected message delay in DTNs where mobile users share their contents only if they share the same interests. We show that the expected message delay is in the order of several hours even if some parameters are optimistic. Second, we consider a hybrid environment and derive closed-form expressions for both an upper and a lower bound of the number of data kiosks needed to satisfy the requirement of the expected spreading time. The results show how the contact rate between a mobile node and a data kiosk influences the quality of service parameters.
The remainder of this paper is structured as follows. In the following section, we describe some related work. In Section 3, we analyze the system formally and derive the main results. In Section 4, we present the analytical model to compute the number of data kiosks. In Section 5, we validate our solution against simulation under three mobility models and give a specific example when applying our results to improve the delay. Finally, Section 6 concludes the paper.
Related Work
DTN application to content dissemination has been contemplated with different perspectives. Lenders et al. developed a mobile distribution system where podcasting protocols are extended to the ad hoc domain [11] . Garyfalos and Almeroth designed a system in advertising with a incentive scheme for data sharing through opportunistic contact [5] . In addition, McNamara et al. concentrate on the application of DTN in the context of the movement of people in transit systems due to the fact that people consume time on public transport [13] .
The emergence of DTNs has triggered a considerable amount of work to help us to better understand their behavior and improve their performance. Contact opportunities have a strong impact on the performance of DTN and therefore, several contributions have focused on characterizing the inter-contact time distribution. Observing some real world traces, Karagiannis et al. investigated exponential tail behavior of inter-contact times [9] . Studying common mobility models, Groenevelt et al. discovered that the inter-contact time between mobile nodes is almost exponentially distributed [6] . Ibrahim et al., in addition, showed that the inter-contact time between mobiles and stationary nodes is also almost exponential in common mobility models such as the random waypoint or random direction [7] .
Based on existing knowledge about contact opportunities, different papers analyzed the performance of DTNs with various assumptions on content distribution schemes including the unrestricted multicopy protocols [6] , spray-andwait [19] , k-hop relay [18] . Starting from [6] , Hanbali et al. [3] extended the work with lifetime constraints and Zhang et al. [21] studied variations of the epidemic protocol and recovery schemes. Different measures were considered: throughput [2] , delay [6, 3, 21] , content age [8] .
Recent work was motivated by improving the performance of DTNs. Polat et al. proposed an algorithm to find mobile nodes that can act as message ferries [16] . Another approach is to add some infrastructure nodes. This solution has been used in the context of ad hoc networks where nodes are fixed [12, 20, 17] . In the DTN's framework, some papers estimated the average message delay in the network with the presence of infrastructure for multi-copy two hop routing protocol and epidemic routing protocol [7, 4] .
Our work is different as it considers the probable effect of interest for a given content in estimating the expected message delay in DTNs. In addition, it computes the number of infrastructure nodes to meet a performance objective for expected spreading time.
System Description and Main Results
We consider a system composed of n mobile nodes and k data kiosks. Mobile nodes are wireless devices carried by people, and data kiosks are stationary nodes in which a content update is downloaded via an infrastructure network (wired or cellular), to be stored and disseminated. We define mobile nodes that subscribe to a given content as subscribers. Subscribers are organized into healthy nodes and infected nodes. An infected (resp. healthy) node is a subscriber that has (resp. does not have) a copy of the content he subscribed to. We assume that every node has the same transmission range, interference from other nodes is negligible, and transmission is always successful and instantaneous in a sparse network.
The dissemination of news relies on opportunistic contacts and a store-carryand-forward paradigm. Motivated by [6, 7] , the pairwise inter-contact times for mobile-mobile (resp. mobile-data kiosk) contacts can be approximately represented as exponentially distributed random variables with mean 1/λ, λ > 0 (resp. 1/µ, µ > 0). All these random variables are assumed to be homogeneous and mutually independent. A healthy node will be infected when it meets either a data kiosk or an infected node, and it is interested in the news. We assume that a healthy node can change its interest at any time by subscribing to the content with a probability δ (0 < δ ≤ 1) or unsubscribing with a probability 1 -δ, and that only healthy nodes can change their interest when they meet other mobile nodes. One can expect that infected nodes will share their content during their journey as they will mostly read it during that time. We refer to this scheme as a user-preferred content distribution scheme.
Expected Message Delay
Since a service provider wishes to know whether or not adding some data kiosks is necessary, our first main result addresses the question of performance in a homogeneous environment when no data kiosk exists. The message delay D is our preferred metric and is defined as the time required to deliver information (news/content) from a source to a destination node. It is expected that the destination node will keep its interest until it receives the content. We investigate both a closed-form expression and an asymptotic representation of the expected message delay as a function of o(δ) when δ is small. We are interested in the influence on the expected message delay of parameters such as the interest of people and contact rates. 
Proposition 1. Under the user-preferred content distribution scheme, the expected message delay is given by
where N 2 denote the number of copies of the content at the time it reaches its destination. The distribution of the number of copies P {N 2 = i} is given by
The proofs of the proposition can be found in [14] and is derived from [6] adding parameter δ.
The asymptotic representation of the expected message delay suggests that the role of interest is significant in the case of high node density while the role of contact rates becomes more important in the case of low density of nodes (Fig. 1) . Consequently, improving the interest is rewarding if the number of mobile nodes is large, while improving contact rates provides better performance if the number of nodes is small. Using the results above, we can decide if the performance is acceptable using only contact opportunities between mobile users or if the addition of data kiosks becomes mandatory.
Number of Data Kiosks
We consider the situation where a hybrid solution is necessary to satisfy a given performance objective for the application. The performance metric is defined as the spreading time. An upper bound and a lower bound for the number of data kiosks are obtained under the following assumptions:
-In the case of the hybrid solution, we assume that mobile nodes do not change their interest in the lifetime of their journey (of course, they can add new interest),
-the number of data kiosks is greater than λ/µ, -subscribers do not hold a copy of the content at the beginning of their journey, -the number of infected nodes is at least equal to two by the spreading time (one usually wants to have a lot of subscribers infected by the spreading time).
The following notations are introduced:
-m is the total number of subscribers at time 0.
-d is a performance objective for the expected spreading time.
-b is the number of infected nodes by the spreading time. 
where
γ is Euler-Mascheroni constant γ ≈ 0.57721, e is Euler's number e ≈ 2.71828.
The proof is provided in section 4.
In the formulae, if b = m, the computed number of data kiosks ensures that a subscriber will receive the content before d on average. The following corollary is derived directly from Proposition 2. 
Corollary 1 shows that the bounds of the number of data kiosks scale linearly with the contact rates between a mobile node and a data kiosk.
Analysis of the Number of Data Kiosks
In this section, we focus on the analytical model to compute the number of data kiosks to meet a target for the expected spreading time.
We represent the number of copies of a given content in the network as an absorbing finite state Markov chain comprising b + 1 states labeled by {0, 1, . . . , b}. The chain is in state i when there are i infected nodes in the network. If a current state i is not the absorbing state b, the chain will make a transition into its next state i + 1 after a time period. The spreading time that we are going to compute is the time until absorption of the chain.
We first compute the expected spreading time. A healthy node is infected the content when it meets either one of k data kiosks or one of i infected nodes. Then, a healthy node is infected with the content at an exponential rate λi + µk.
The chain leaves state i when one of m − i healthy nodes is infected with the content. The event that a healthy node is infected occurs at an exponential rate λi + µk, then the event that the chain will make a transition into its next state occurs at an exponential rate (λi + µk) (m − i). 
We are ready to provide an expression for the expected spreading time d:
We now have to compute the number of data kiosks to meet an objective for the expected spreading time d. Unfortunately, it is not possible to find a closed-form expression for m in the general case and we will therefore provide bounds. Lemma 1 to 4 will give the foundation to derive these bounds. Due to space limits, we only present the proof for Lemma 1. Details of the proofs for Lemma 2 to 4 can be found in [15] .
Lemma 1. An expression of the expected spreading time represented under digamma function is
Proof. Using an equation 6. 
From (3), we have d = 
where 
Lemma 3. One solution of the inequality λdu
We are almost ready to derive bounds of the number of data kiosks. Using Lemma 1, we find λdu
Because the number of data kiosks is larger than λ/µ, it follows that u ≥ 1. Suppose that the number of infected nodes is greater than or equal to two by the spreading time, b ≥ 2. Hence, using Lemma 2, we get ln 1 +b
u−0.5 . From Lemma 3 and Lemma 4, we obtain a solution for the inequalities. Substituting u = kµ λ into the solution, we find an upper bound and a lower bound of the number of data kiosks L < k < U , where U is represented by (1) and L is described by (2), which demonstrates Proposition 2. 
Validation
In this section, we validate the theoretical results through simulation under three mobility models, and discuss the application of the results. For a given context and a delay objective, we can state if the delay is acceptable to deploy the service. If negative, we provide the number of data kiosks that should be added in a hybrid DTN environment to meet the requirement.
Simulation Settings
We simulated the user-preferred content distribution scheme under the random waypoint, random direction and random walker mobility models in the Opportunistic Network Environment [10] . Mobile nodes move according to the mobility models under consideration and data kiosks are uniformly located in a square of size 4 km × 4 km. Radio ranges of nodes are 50 meters. In the random waypoint mobility model, a node travels to a destination chosen uniformly in an area with a constant speed. The speed of a mobile node (in km/h) is chosen uniformly in [v min , v max ] = [4, 10] . Upon arrival, the node continues its trip by choosing a new destination and a new speed, independently of all previous destinations and speeds.
In the random direction mobility model, a node selects an initial direction, speed and a finite travel time. The node then travels in the direction at the speed for the duration. Once this time expires, it chooses a new direction, speed and travel time which are independent of all its past directions, speeds and travel times. When a node reaches a boundary it is reflected. In our setting, the speed of a mobile node (in km/h) is chosen uniformly in [v min , v max ] = [4, 10] , a direction is uniformly distributed in [0, 2π), and travel time is exponentially distributed with mean 1/4 hour.
In the two-dimensional random walker mobility model, a node moves on a square grid at a constant speed. At crossroads, a node uniformly chooses to go to a next crossroad in the front, in the back, on the left, or on the right. When a node has reached a crossroad at the borders, it will go to the opposite crossroad if the newly chosen crossroad is out of the borders. We set the distance among adjacent crossroads to 80m and a constant speed of 4.8 km/h.
For the random waypoint and random direction mobility model, formulae for λ and µ were introduced [6, 7] . Using the parameter settings of our simulation, we computed the values for λ and µ and found that the contact rates are λ ≈ 0.0741 and µ ≈ 0.0409 for the random waypoint mobility model, λ ≈ 0.0577 and µ ≈ 0.0437 for the random direction mobility model.
A mathematical formula for the exponential tail under the random walker mobility model is, to the best of our knowledge, not known. Therefore we obtained its value through simulation. Fig. 2 plots the complementary cumulative distribution function (CCDF) of the inter-contact time on log-lin scale. Estimates of contact rates for this last mobility model are λ ≈ 0.0127 and µ ≈ 0.0070.
Lower Delay to a Requirement
First, we consider the expected message delay in the situation with zero data kiosk. For the three probability of interest (δ = 1, 0.4, 0.2), and under the three mobility models, we varied the number of nodes between 5 and 80, and computed the average message delay based on 1000 observations obtained from simulation for each configuration. Figs. 3-4 plot the expected message delay as a function of the number of nodes, comparing the theoretical analyses with the simulation results. They confirm the accuracy of the theoretical analysis for these mobility models. Although the inter-contact time is only exponential tail under the random walker mobility model as we see in Fig. 2 , the theoretical analysis still can predict the message delay for the different probability of interest and the different contact rates. The error between simulation and theoretical results increases when the probability of interest is small.
Next, in the hybrid case, we run simulations for different number of subscribers (k = 40, 60). The number of data kiosks was varied between 2 to 20. For each setting, we ran 1000 observations and computed the expected spreading time by which the content is delivered to 90 percent of subscribers. Then, we used analytical expressions (1) and (2) to calculate an upper bound and a lower bound of the number of data kiosks for a value of the average spreading time that we found from simulation. For each spreading time, we compared the estimated values of the number of data kiosks provided thanks to the theoretical solution or by simulation. Fig. 5 depicts the results under the three mobility models.
We observe that analytical results can approximately predict the number of data kiosks, but the lower bounds deteriorate as the expected spreading time gets very small which is certainly not meaningful. Finally, we give an example for the application of our results with ideal parameters. We first consider the scenario without data kiosk. The urban area is a square of size 4 km × 4 km. There are 40 mobile nodes moving under the random waypoint mobility model. The transmission range is 50 meters, the probability of interest is 1, as every node is interested in the content. Under this scenario, the expected message delay is roughly 2 hours (as in Fig. 3(a) ). If we wish to spread the content to 90 percent of the subscribers within 1 hour, it appears difficult to satisfy this requirement in a network without data kiosk. We now consider an hybrid environment. We keep these settings and find the number of data kiosks that we should add to meet the requirement. As we see in Fig. 5(a) , with 10 data kiosks we can lessen the expected spreading time to 1 hour. We also see that the spreading time is improved effectively with some data kiosks. For example, with 5 data kiosks the expected spreading time can decrease to 2 hours in the random waypoint mobility model (as in Fig. 5(a) ), and approximately to less than 8 hours in the random walker mobility model (see Fig. 5(e-f) ).
The simulation results confirm that the analytical models can predict the expected message delay and the number of data kiosks to meet a delay requirement. The lower bound of the number of data kiosks gets close to the simulation results when the expected spreading time is small and the upper bound is accurate when the expected spreading time is large (Fig. 6 ).
Conclusion
In this paper, we investigated the practicality of dissemination of daily news over a DTN in an urban area. When the performance can not fulfill a requirement, a solution is to deploy a hybrid environment with data kiosks to overcome the limit of the performance of DTNs. We obtained both a closed-form and an approximation expression of the expected message delay. The results were used to analyze the influence of user's interest and contact rates on the performance of DTNs. If the interest of people does not vary over the spreading time, we compute the solution for the number of data kiosks that we need to deploy to satisfy an expected spreading time objective. The results show that the message delay in DTNs is in the range of several hours but can be significantly reduced thanks to the addition of data kiosks. One question that we wish to address in our future work is where data kiosks should be located to maximize the contact opportunity between data kiosks and mobile users, or to minimize the delay. The work can also be extended by taking into account interferences, packet sizes and transmission times.
